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By use of Arthrobacter globiformis SI55, a psychrotrophic bacterium capable of growth between 25 and
132°C, we cloned and sequenced capA, a gene homologous to cspA encoding the major cold shock protein in
Escherichia coli. The deduced protein sequence has a high level of identity with the sequences of other
CspA-related proteins from various sources, and no particular residue or domain that could be specific to
cold-adapted microorganisms emerged. We show that CapA was produced very rapidly following cold shock,
but unlike its mesophilic counterparts, it was still expressed during prolonged growth at low temperature. Its
synthesis is regulated at the translational level, and we showed that growth resumption following a temperature
downshift correlated with CapA expression. Transient inhibitions in protein synthesis during the first stages
of the cold shock response severely impaired the subsequent acclimation of A. globiformis SI55 to low temper-
ature and delayed CapA expression. The cold shock response in A. globiformis SI55 is an adaptative process in
which CapA may play a crucial role. We suggest that low-temperature acclimation is conditioned mainly by the
ability of cells to restore an active translational machinery after cold shock in a process that may be different
from that present in mesophiles.

Recent interest has focused on the effects of low tempera-
tures on the protein content of various microorganisms. Inter-
estingly, bacteria as well as eukaryotic cells respond to cold
shock treatments by overexpressing a specific set of proteins,
the cold shock proteins or Csps, suggesting that a universal
cold shock regulon exists (see reference 19 for a review). The
most thoroughly studied response to hypothermic stress is that
of Escherichia coli. An abrupt shift in growth temperature from
37 to 10°C causes the cessation of growth for 4 to 5 h concom-
itant with a severe reduction in the number of proteins syn-
thesized. During this lag period, the relative synthesis of a set
of Csps is transiently increased. These Csps appear to be in-
volved in various cellular functions such as transcription, trans-
lation, and DNA recombination (22). CspA has been identified
as the major cold shock protein, and its synthesis is transiently
induced, with up to 13% of total cellular protein synthesis
attained following the temperature downshift (13). CspA binds
to single-stranded nucleic acids (24), and its possible function
as an RNA chaperone has been suggested (19). Another func-
tion of CspA is as a transcriptional enhancer of at least two
other cold shock genes, hns, encoding the major nucleoid pro-
tein H-NS (25), and gyrA, encoding the A subunit of DNA
gyrase (21). Previous reports suggested that the transient over-
expression of CspA during the early stages of the cold shock
response is regulated at the level of transcription (18, 19).
However, recent evidence supports a mechanism in which
posttranscriptional regulation plays a crucial role in determin-
ing the level of CspA in the cell: the cspA mRNA has an
extremely short half-life at 37°C and is drastically stabilized
after a shift from 37 to 15°C (5, 12). However, in spite of these

recent advances, the in vivo physiological implication of CspA
remains unclear: it belongs to a redundant family of seven
homologous proteins (CspA to CspG) in which only CspA,
CspB, and CspG are transiently overexpressed following cold
shock (13, 26, 29, 37). It has been suggested that CspA, CspB,
and CspG may constitute a subfamily whose functions might be
closely related to each other but distinctive from the others
(29). The relation between the transient induction of CspA,
CspB, and CspG following cold shock and the particular in-
volvement of these proteins in the physiology of cells at low
temperature and/or in protection of cells from damages due to
cold has not yet been clearly demonstrated.

Psychrotrophs and psychrophiles belong to extremely di-
verse genera, and in addition to specific mechanisms devel-
oped during the course of evolution, adaptation to identical
thermic constraints may imply common molecular bases that
allow the maintenance of vital cellular functions at low tem-
peratures. It may be expected that particular mechanisms exist
in the process of acclimation to cold that allow psychrophiles
and psychrotrophs to cope with temperatures near or below
freezing, whereas mesophiles cannot. In this respect, studies on
extremophiles may therefore provide new insights on the mo-
lecular strategies adopted in response to stress such as those
induced by extremes of temperature. Recently, a cold shock
response was described for Arthrobacter globiformis SI55, a
psychrotrophic bacterium capable of growth between 25 and
132°C (3). One of the cold-regulated proteins (protein A9)
was identified as the product of a gene that may be homolo-
gous to the cspA gene of E. coli. The regulation of its expres-
sion, however, is different from that of its counterparts in
mesophiles since it is still synthesized in cells growing at low
temperature. Therefore, it belongs to the particular class of
cold acclimation proteins (Caps) defined by Hebraud et al.
(15) and Berger et al. (3) which has been described to date only
for cold-adapted microorganisms.

In this work, we have cloned and determined the entire
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nucleotide sequence of capA, a gene encoding a protein of the
CspA family in the psychrotrophic bacterium A. globiformis
SI55. The amino acid sequence of the corresponding protein
(CapA) was compared with that of other CspA-related pro-
teins from various sources. We show that the cold shock re-
sponse in A. globiformis SI55 is an adaptative process that
enables cells to protect themselves from the deleterious effects
of cold. Further, growth resumption at low temperature fol-
lowing cold shock is correlated with CapA synthesis. The reg-
ulation of CapA expression is at the translational level, and our
results provide indirect evidence that its synthesis is condi-
tioned by the ability of cells to restore an efficient translational
machinery after cold shock.

MATERIALS AND METHODS

Bacterial strains and growth conditions. A. globiformis SI55 was grown aero-
bically at 25°C in liquid complete medium or in liquid synthetic medium as
described previously (3). E. coli DH5a competent cells (Gibco-BRL, Gaithers-
burg, Md.) were grown at 37°C in Luria broth and used as the host strain for
transformation.

Cloning and sequencing. All cloning methods were carried out as described by
Maniatis et al. (27) and in the manufacturer’s instructions. A. globiformis SI55
genomic DNA was prepared as described previously (3). The DNA was digested
with different restriction enzymes, including BamHI, EcoRI, KpnI, BclI, ClaI,
BglII, XhoI, KspI, SacI, PstI, and SalI, separated on a 0.8% (wt/vol) agarose gel,
transferred to a nitrocellulose filter, and hybridized with the [g-32P]ATP-radio-
labelled probe FGP-371 (59-TTCAACGCTGAAAAGGGCTTCGGCTTCAT
CA-39). Cleaved chromosomal DNA fragments, with molecular weights similar
to that of a fragment which hybridized with the probe, were ligated into a
pBluescript SK2 vector (Stratagene, LaJolla, Calif.). DNA was sequenced with a
T7 sequencing kit (Pharmacia LKB, Uppsala, Sweden).

Sequence data analysis. GenBank was scanned for related sequences by use of
the algorithm BLAST (1). Sequences were aligned with CLUSTAL (16). Clus-
tering analysis was with the neighbor-joining (33) and parsimony (9) methods.
The robustness of the distance tree was assessed by the bootstrap method (9).
Graphic representation of the resulting tree was made with the NJPlot software
of M. Gouy (Laboratoire de Biométrie, U.M.R. C.N.R.S. 5558, Université Lyon
I).

The amino acid sequence of CapA was analyzed with the computer program
MacVector 3.0 for the calculation of isoelectric point (pI) and molecular weight
and for the prediction of the secondary structure of the protein.

Inhibition of protein synthesis during cold shock. A. globiformis SI55 cells
were grown in complete medium at 25°C (optimal growth temperature) to the
mid-exponential phase (optical density at 570 nm, 0.5) and treated with 600 mg
of chloramphenicol ml21 for 15 min. At this concentration, growth and amino
acid incorporation into proteins are totally inhibited in A. globiformis SI55 (31)
and CapA synthesis is not induced (3). The culture was then divided into four
identical aliquots (50 ml). Each fraction was shifted to 4°C and incubated at this
temperature in the presence of the antibiotic for 1, 2, 4, or 6 h. Chloramphenicol
was then removed by washing the cells twice with cold fresh medium, and the
pellets were resuspended in precooled fresh medium to an optical density of 0.2
at 570 mn. Adaptation to 4°C of cold-shocked cells was then assayed by moni-
toring subsequent growth at 570 nm. At set times, aliquots of cells were harvested
by centrifugation (12,000 3 g for 5 min) for the immunodetection of CapA.

Control experiments were performed by treating exponentially growing cells
shifted from 25 to 4°C exactly as described for chloramphenicol-treated cells
(including washings) except that the antibiotic treatment was omitted. The effi-
ciency of chloramphenicol removal was tested by treating exponentially growing
cells at 4°C with chloramphenicol for the same periods of time, washing the cells
twice with precooled fresh medium, and monitoring subsequent growth at 4°C as
described above.

Inhibition of transcription during cold shock. A. globiformis SI55 cells growing
exponentially at 25°C in liquid synthetic medium were treated with rifampin (200
mg z ml21) for 30 min. These conditions were found to totally inhibit radioactive
uracil incorporation into RNA and resulted in a 95% protein synthesis inhibition
as measured by incorporation of radioactive methionine (data not shown). The
culture was then shifted to 4°C in the presence of the antibiotic for 4 h. Proteins
were radiolabelled by adding 10.25 mCi (3.75 MBq) of L-[35S]methionine (spe-
cific activity, 42.2 TBq mmol21) for the last 30 min of incubation at 4°C. Cells
were rapidly harvested by centrifugation into precooled Eppendorf tubes, and
methionine incorporation was stopped by adding 1 ml of cold acetone to the cell
pellet. The cells were resuspended into 200 ml of O’Farrell (30) lysis buffer, and
cell walls were disrupted by sonication at 50 W (Braun Labsonic) for 8 min (30-s
periods). Unbroken cells were removed by centrifugation (12,000 3 g for 5 min).
Total protein extracts were stored at 280°C. In control experiments, cells were
treated exactly as described for rifampin-treated cells, except that the antibiotic
treatment was omitted.

Total proteins of rifampin-treated and control cells were separated by two-

dimensional electrophoresis as described previously (3). The pH gradient along
the first-dimension gels was monitored by the use of two-dimensional electro-
phoresis standards (Bio-Rad S.A., Ivry-sur-Seine, France). Molecular weights
were estimated by the comigration of standard proteins (Bio-Rad) in the second
dimension. Identification of CapA upon two-dimensional gel electrophoresis was
based on its apparent molecular mass (9 kDa) and its isoelectric point (4.5) and
was confirmed by immunoblotting.

Immunodetection of CapA. In a previous work (3), the sequence of a portion
of the capA gene was determined with a PCR strategy based on sequence
similarity with previously published sequences from E. coli and Bacillus subtilis.
A 14-residue synthetic peptide (Lys-Gly-Phe-Gly-Phe-Ile-Thr-Pro-Asp-Asp-Ser-
Asp-Gly-Asp) corresponding to the A. globiformis SI55 peptide sequence de-
duced from the nucleotide sequence was used to produce a polyclonal antibody
which allowed the detection of CapA by immunoblotting two- or one-dimen-
sional electrophoresis gels of A. globiformis SI55 total proteins (3). Thus, when
indicated, A. globiformis SI55 cells were harvested by centrifugation (12,000 3 g
for 5 min). The pellets were resuspended in cold acetone and stored for 24 h at
220°C. Acetone was removed by centrifugation (8,000 3 g for 10 min), and the
pellets were dried under vacuum. Cells were washed twice with TKM (50 mM
Tris-HCl [pH 7.6], 10 mM MgCl2, 50 mM KCl) and then resuspended in the
same buffer. Protein extracts were obtained as described above. The protein
concentration in the samples was determined by the method of Bradford (4).
Total proteins were separated by standard sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis (SDS-PAGE) in 15% (wt/vol) polyacrylamide gels or by
two-dimensional electrophoresis. Sixty and 300 mg of proteins from each sample
were loaded for SDS-PAGE and two-dimensional electrophoresis, respectively.
Expression of CapA was detected after electroblotting with the polyclonal anti-
body as described previously (3).

RESULTS

Cloning and sequencing of capA, a gene encoding a CspA-
like protein in A. globiformis SI55. Southern analysis of A.
globiformis SI55 genomic DNA with the DNA probe FGP-371
complementary to the cspA-like gene (3) revealed one major
band and one minor band in each digest except those with
EcoRI and BglII (data not shown). The (major) 1.7-kb band
generated by SalI digestion and the (minor) 4.0-kb generated
by XhoI were cloned into pBluescript SK2 vector and se-
quenced.

One clone containing the 4.0-kb insert was found to be
homologous to rpoB of E. coli (GenBank accession no.
U76222). This plasmid was not considered further in the
present work. Another clone contained a plasmid with a 1.7-kb
insert which was designated pFB1, the sequence of which was
determined and deposited into GenBank (accession no.
L41167). Only two open reading frames (ORFs) were found to
have a high probability of coding for a gene according to
Fickett’s algorithm (10). The ORF beginning beyond the first
nucleotide and ending at coordinate 504 is highly similar to a
sequence present in Mycobacterium leprae and Mycobacterium
tuberculosis (GenBank accession no. Z73902) with an unknown
function. The other ORF begins with the usual start codon
ATG at coordinate 817 and ends 201 nucleotides downstream
with a TAG termination codon (coordinate 1018). A potential
ribosome binding site (GAGGAG) is located 6 nucleotides
upstream of the start codon. Two inverted repeat sequences
extending 43 nucleotides downstream of the end codon and
followed by a string of six T’s constitute a putative rho-inde-
pendent terminator (data not shown). No similarity was de-
tected with the sequences downstream of the terminator se-
quence. The 1.022-kb fragment extending from nucleotides 488
to 1510 and containing the second ORF was subcloned into
pBR328. The resulting plasmid was named pPC1.

Protein sequence comparison of CapA and other CspA-re-
lated proteins. The calculated pI and molecular mass of CapA
are 4.503 and 7.137 kDa, respectively, and correspond to the
previously described protein A9 coordinates identified by two-
dimensional gel electrophoresis (3). According to a secondary-
structure prediction by the methods of Chou and Fassman (6)
and Garnier et al. (11), an alpha-helical conformation seems
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unlikely. The peptide sequence was compared to that in Gen-
Bank (National Center for Biotechnology Information) with
the algorithm BLASTP (1). The most similar protein se-
quences were those of E. coli cold shock-like proteins CspE
and CspA (72 and 69% identity, respectively). The lowest
percentages of identity, 37, 48, and 54%, were with E. coli
CspF, Haemophilus influenzae CspD, and E. coli CspD, respec-
tively (data not shown). This result confirms that this peptide is
a CspA-like protein and corresponds to the previously identi-
fied protein A9 in A. globiformis SI55 (3). Since it is also
overexpressed in 4°C-adapted cells, it belongs to group III of
early cold acclimation proteins defined by Berger et al. (3).
Therefore, we named it CapA. The analysis of the relation-
ships between CapA and all homologous proteins known to
date shows that the sequence of CapA from A. globiformis
SI55 does not belong to any well-defined cluster of se-
quences (Fig. 1). The groupings obtained from the cluster-
ing analyses performed are not congruent with the 16S-
based phylogeny of these bacteria, i.e., the sequences of
gram-positive high-GC bacteria (Streptomyces coelicolor and

Streptomyces clavuligerus) group with those of E. coli and H.
influenzae CspD, far away from the sequence of their close
phylogenetic neighbor Arthrobacter spp. This absence of
clustering of the sequences of gram-positive high-GC bac-
teria was found in all analyses performed. Furthermore, the
comparison of the primary sequences of homologous pro-
teins in thermophiles, mesophiles, and psychrotrophs did
not reveal any particular domain specific to cold-adapted
microorganisms.

Expression of CapA following cold shock. When A. globifor-
mis SI55 cells exponentially growing at 25°C were shifted to
4°C, a lag phase of 14 h was observed before growth resumed
with a generation time of 25 h characteristic of this tempera-
ture (Fig. 2). The kinetics of CapA appearance following cold
shock shows that CapA was detected as soon as 20 min fol-
lowing transfer to the low temperature and was still present
24 h after the shock (Fig. 2) and even after 40 h (data not
shown). It appears, therefore, that while CapA expression oc-
curred very rapidly after transfer to the low temperature, it was
still present in cold-adapted cells.

FIG. 1. Clustering (neighbor-joining) analysis of CapA and all homologous bacterial proteins known to date. *, homologous proteins from psychrophilic or
psychrotolerant bacteria; #, homologous proteins from thermophilic bacteria; **, homologous proteins from mesophilic bacteria. The bootstrap results above 95% are
shown above nodes supported by subsampling analysis, and the dollar signs below nodes indicate those also found by parsimony analysis. Bar, 0.081 substitution/site.
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Effect of rifampin treatment. To determine the level of reg-
ulation of CapA expression, rifampin was used to inhibit tran-
scription in A. globiformis SI55 cold-shocked cells. As shown in
the autoradiograms presented in Fig. 3, the expression of most
proteins was inhibited but the overexpression of CapA still
occurred in cold-shocked cells treated with the antibiotic. This
result clearly demonstrates that the mRNA encoding this pro-
tein preexisted in cells prior to cold shock, therefore suggesting
that CapA expression control is at the translational level.

Effect of a transient inhibition of the cold shock response on
CapA expression and subsequent growth at low temperature.
The hypothesis that the cold shock response in A. globiformis
SI55 serves an adaptative function in protecting cells from the
deleterious effects of cold was then tested. For this, growth at
4°C of cells in which the cold shock response has been tran-

siently inhibited for increasing periods of time was monitored
(Fig. 4). When protein synthesis was inhibited with chloram-
phenicol during the early stages of cold shock, the subsequent
kinetics of growth at 4°C were dramatically impaired: there was
a delay in growth resumption corresponding to 14 h plus an
additional lag (Fig. 4). This additional lag increased with the
duration of protein inhibition as follows: 12, 14, 18, and 113
h of lag for chloramphenicol treatments of 1, 2, 4, and 6 h,
respectively. We also observed that growth resumed with gen-
eration times that significantly increased with the length of
protein synthesis inhibition: compared to 25 h for nontreated
cells, the generation times observed after 1, 2, 4, and 6 h of
chloramphenicol treatment were 36.7, 37.3, 46.3, and 46.3 h,
respectively. These effects cannot be due to a deleterious effect
of chloramphenicol itself since cells already adapted to 4°C
reinitiated growth immediately after chloramphenicol removal
(even after 6 h of inhibition) with a generation time of 26 h,
which is very similar to that observed for nontreated cells (data
not shown). Therefore, our results clearly indicate that the cold
shock response is an adaptative process in which protein syn-
thesis is necessary to restore harmonious growth at low tem-
perature.

In parallel, the kinetics of CapA appearance was analyzed by
Western blotting (immunoblotting). We observed that the ap-
pearance of CapA was delayed for a length of time which
increased with the duration of protein inhibition as follows: 2,
6, 8, and 15 h of delay for 1, 2, 4, and 6 h of chloramphenicol
treatment, respectively. Therefore, CapA appearance was
closely correlated with the duration of the additional lag phase.
In all cases, the synthesis of CapA occurred 12 to 14 h before
growth resumed.

DISCUSSION

CapA of A. globiformis SI55 is highly similar to other CspA-
related proteins from various origins. In the psychrotrophic

FIG. 2. Growth of A. globiformis SI55 following cold shock and kinetics of
CapA expression. Exponentially growing cells at 25°C were shifted to 4°C, and
subsequent growth was monitored at 570 nm. At the times indicated, aliquots
were removed from the culture and total proteins were separated by SDS-PAGE.
CapA expression was detected on Western blots as described in Materials and
Methods. Signal intensities were estimated visually. 2, signal equal to that
obtained with 25°C growing cells; 1, CapA overexpression.

FIG. 3. Effect of rifampin treatment on CapA expression following cold shock. Exponentially growing cells at 25°C were treated with rifampin (200 mg z ml21) and
shifted to 4°C for 4 h. Cells were labelled with [35S]methionine for the last 30 min of incubation at 4°C. Sample preparation and two-dimensional electrophoresis were
as described in Materials and Methods. (A) Control cells, no rifampin added; (B) rifampin-treated cells. Isoelectric points (below gels) and molecular weights (in
thousands) are indicated. CapA coordinates in two-dimensional gels were determined as described by Berger et al. (3).
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bacterium A. globiformis SI55, a portion of a gene that has
similarities to cspA, the gene encoding the major cold shock
protein in E. coli, was identified (3). Although several CspA-
related proteins from different sources have been described for
mesophiles, very few published data on the sequence of similar
proteins in cold-adapted bacteria are available (28, 34). We
present here the cloning and complete sequencing of this cspA-
related gene in A. globiformis SI55. Since it encodes a protein
that is overexpressed following cold shock as well as during
prolonged growth at low temperature (Fig. 2), we named this
gene capA (cold acclimation protein A). The deduced amino

acid sequence corresponds to an acidic protein (pI of 4.5) of 67
amino acid residues with a molecular mass of 7,137 Da. These
parameters closely match those reported for CspA of E. coli.
The CapA amino acid sequence has a high level of identity
with most members of the CspA family of E. coli and with the
homologous proteins of other microorganisms. It also contains
the highly conserved RNP1 and RNP2 motifs, both domains
being involved in the binding to single-stranded DNA and to
RNA (24), therefore suggesting related functions of these pro-
teins.

Psychrophilic and psychrotrophic proteins are thought to

FIG. 4. Effects of chloramphenicol treatments during cold shock on subsequent growth and CapA expression in A. globiformis SI55. Chloramphenicol (600 mg z
ml21) was added to exponentially growing cells at 25°C. After 15 min of incubation, the cultures were shifted to 4°C. After 1 to 6 h of incubation at this temperature,
chloramphenicol was removed and cells were resuspended in fresh medium precooled at 4°C. Subsequent growth and CapA expression were monitored as described
in the legend to Fig. 2. Exposure to chloramphenicol was for 1 (A), 2 (B), 4 (C), and 6 (D) h. Bars indicate the lengths of the additional lag phase.
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have evolved toward a structure more flexible than that of their
mesophilic or thermophilic counterparts (17). In this respect,
we compared the primary sequence of CapA with that of ho-
mologous proteins of other psychrotrophs (unpublished or
only partially published), mesophiles, and thermophiles (Fig.
1). We found differences between CspA-like protein clustering
and the 16S rRNA-based phylogeny. The differences in pri-
mary sequence may be due partly to different environmental
constraints. This would be particularly evident in such a short
gene. However, no relationship could be established between
particular residues or domains and bacterial thermic groups.
Therefore, which amino acid substitutions are temperature
related is difficult to assess, and further Csp-like sequences
must be determined before general laws can be proposed.

CapA is a cold acclimation protein. We show here that
CapA is produced very rapidly (20 min) following a cold shock
from 25 to 4°C, demonstrating that capA expression is an
immediate response to low temperature in A. globiformis SI55
(Fig. 2). However, unlike its mesophilic counterparts, the level
of expression of CapA remains comparatively low, and it is still
detected during prolonged growth at 4°C. The presence of
CapA during balanced growth at low temperature could be due
to a possible differential stability of this protein at 25 and 4°C.
However, previous experiments using radiolabelled amino acid
incorporation showed that CapA is actively translated in cells
adapted to 4°C (3). Interestingly, a similar expression pattern
of CspA-related proteins has also been described for other
cold-tolerant microorganisms, such as Bacillus cereus (28),
Pseudomonas fragi (15), and Listeria monocytogenes (14). Since
this pattern has been observed in all the psychrotrophic bac-
teria (phylogenetically unrelated) studied to date, it is tempt-
ing to suggest that the continuous synthesis of CspA-like pro-
teins during prolonged growth at low temperature is a common
feature of cold-adapted microorganisms that distinguishes
them from mesophiles. It is believed that the cold shock re-
sponse serves an adaptative function, and it has been suggested
that proteins of the CspA family, together with other Csps, play
a role in protecting cells from damage due to cold (13). If this
is the case, the continuous overexpression of the proteins of
the CspA family at low temperature in psychrotolerant bacte-
ria could contribute to an explanation for why these organisms
develop at temperatures near or below freezing whereas me-
sophiles cannot.

Growth of A. globiformis S155 after cold shock is correlated
with CapA synthesis. Transferring A. globiformis SI55 from 25
to 4°C resulted in a 14-h lag, followed by growth with a gen-
eration time of 25 h. A temporary block in protein synthesis
during the first stages of incubation at the lower temperature
resulted in an additional lag that increased with the duration of
the inhibition (Fig. 4). Furthermore, growth resumed with gen-
eration times that progressively increased with the length of
protein synthesis inhibition. Since such effects were not ob-
served in cells already adapted to 4°C, our results clearly dem-
onstrate that the cold shock response in A. globiformis SI55 is
an adaptative process that enables cells to restore a harmoni-
ous physiology at low temperature. We also observed that
CapA expression was delayed for periods of time that in-
creased with the duration of protein inhibition. In all cases,
CapA synthesis occurred 12 to 14 h before growth resumption
at 4°C. Considering that (i) CapA expression occurs very rap-
idly following temperature downshift, (ii) CapA synthesis in-
volves an active adaptation mechanism, (iii) growth resump-
tion at low temperature is correlated with CapA production,
and (iv) CapA is continuously overproduced at low tempera-
ture, it is therefore tempting to suggest that CapA plays a
central role in the process of cold acclimation in A. globiformis

S155. To investigate the precise role of this protein at low
temperature, the isolation of CapA mutants must be con-
sidered. In B. subtilis, an insertional inactivation mutant
(cspB::cat) of a gene encoding a CspA-like protein was ob-
tained, and a slight decrease in its viability was demonstrated
after cycles of freezing and thawing (36).

CapA synthesis is regulated at the level of translation. The
results presented in this report demonstrate that CapA synthe-
sis following cold shock is not affected by rifampin treatment in
A. globiformis SI55 (Fig. 3). This indicates that CapA mRNA
preexists in cells prior to cold shock, and posttranscriptional
regulation may therefore account for the induction of CapA.
Accumulative data indicate that in E. coli, posttranscriptional
events play a crucial role in determining CspA overexpression
following cold shock. It was demonstrated that the cspA gene
is constitutively transcribed at all temperatures, including 37°C
(8). At this temperature, the mRNA of cspA is extremely
unstable, with a very short half-life of 12 s, so that it cannot be
translated. Upon a temperature downshift from 37 to 15°C, the
mRNA is drastically stabilized, resulting in efficient translation
(5, 8, 12). Hence, it is possible that similar to E. coli, CapA
expression in A. globiformis SI55 may be regulated posttran-
scriptionally at the level of mRNA stability. However, since a
temporary block of the cold shock response delays its synthesis,
we suggest that cold-induced modifications of the ribosome are
necessary to restore efficient translation at low temperature.

Very recently, Jones and Inouye (20) proposed an interest-
ing cold shock ribosome adaptation model to explain the in-
duction and function of the cold shock response in E. coli. They
suggest that a shift to low temperature results in a cold-sensi-
tive block in initiation of translation of most cellular mRNAs,
whereas mRNAs for the cold shock proteins (including CspA)
can be efficiently translated. Cold shock proteins RbfA, CsdA,
and initiation factor 2 then associate with ribosomes, resulting
in efficient translation of cellular mRNAs. Therefore, as cells
adapt to the low temperature, there is an increase in protein
synthesis accompanied by repression of the cold shock re-
sponse.

A cold shock response has been described for several psy-
chrotrophic and psychrophilic microorganisms (2, 3, 7, 15, 23,
28, 32, 35). From these studies, it can be concluded that the
overall cold shock responses in all these organisms have the
following similarities and are somewhat different from that in
E. coli. (i) The synthesis of housekeeping proteins is never
repressed following an abrupt temperature downshift; most of
these proteins are similarly expressed at optimal and low tem-
peratures. (ii) A large number of Csps are synthesized; their
number increases (up to 30) with the severity of the shock. (iii)
The relative level of expression of the Csps is moderate, even
after a severe cold stress. (iv) A second class of cold-related
proteins, i.e., the cold acclimation proteins or Caps, which
include CspA-related proteins, exists; compared with Csps, the
production of Caps does not cease in cells adapted to low
temperature. Therefore, the very attractive model of Jones and
Inouye (20) can only partially explain the cold shock response
in cold-adapted microorganisms, and further studies are nec-
essary to understand how these microorganisms adapt to tem-
peratures near or below freezing.
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